Aims: This study aimed to apply differential scanning calorimetry (DSC) to evaluate the thermal inactivation kinetics of bacteria. Methods and Results: The apparent enthalpy (DH) of Escherichia coli cells was evaluated by a temperature scan in a DSC after thermal pretreatment in the calorimeter to various temperatures between 56 and 80°C. Conventional semilogarithmic survival curve analysis was combined with a linearly increasing temperature protocol. Calorimetrically determined D and z values were compared to those obtained from plate count data collected under isothermal conditions to validate the new approach. Conclusions: The calculated D values using both apparent enthalpy and viability data for cells heat treated in the DSC were similar to the D values obtained from isothermal treatment. Temperatures for 1 through 10-log microbial population reductions, calculated from plate count and enthalpy data, were in agreement within 0AE5-2AE4°C at a 4°C min )1 heating rate.
INTRODUCTION
The processing temperature and time necessary to produce a safe product are determined using the D value (the time needed to reduce the population by one log) and z value (temperature change required for a one log reduction in D value) for a target micro-organism. In general, D and z values for microorganisms are calculated from semilogarithmic survival curves produced as a function of time under isothermal conditions at several temperatures. The thermal processing design is based on the thermal resistance of target bacteria, which is described by D and z values determined under isothermal conditions. However, in industrial applications, processing temperature cannot be reached instantly but requires a 'come up time' in which a significant reduction of microbial population may occur as the temperature rises (Peleg 1999) . Furthermore, the reaction rate and D value are affected by the temperature and the rate of heat transfer (Teixeira 1992) . Therefore, it is important to determine the D and z values under conditions similar to those used in processing.
Kinetic parameters for chemical and biochemical reactions can be evaluated analytically using differential and integral methods from data collected under nonisothermal conditions (Deindoerfer and Humphrey 1959; Rhim et al. 1989; Nunes et al. 1991) . There are several studies in the literature that model microorganism inactivation during increasing temperature protocols (Reichart 1979; Thompson et al. 1979a,b; Van Impe et al. 1992) . Reichart (1979) calculated the D and z values for Saccharomyces cerevisae, Escherichia coli and Bacillus stearothermophilus using the linear portion of the survival curve generated as a function of rising temperature with decreasing heating rate. Reichart (1979) reported that similar D and z values were obtained from analysis of viable count data produced under isothermal and increasing temperature conditions. On the other hand, Thompson et al. (1979a,b) , from their investigation on the effect of heating rate on the inactivation of Clostridium perfringens and Salmonella typhimurium reported that the D value for Cl. perfringens at 60°C increased from 5AE3 min to 20 min when the heating rate increased from 0°C h )1 (isothermal treatment) to 15°C h )1 , while the D value for Salm. typhimurium at 50°C did not change significantly when the heating rate changed from 6°C h )1 to 12AE5°C h )1 . In all cases, they report D values higher than the D 50 obtained with isothermal treatment.
Some investigators have used differential scanning calorimetry to achieve heat treatment under controlled conditions of linearly increasing temperature and to determine the thermally induced transitions with the ultimate purpose of evaluating the relationship between the stability of cellular components and cell injury or death (Miles et al. 1986; Mackey et al. 1988; Lepock et al. 1990; Mackey et al. 1991; Belliveau et al. 1992; Mackey et al. 1993 ). An equation describing the rate of microorganism inactivation as a function of linearly increasing temperature was derived by Miles et al. (1986) and was used to determine the temperature at which the maximum death rate occurred for vegetative cells (Miles et al. 1986) and spores (Belliveau et al. 1992) . Miles and Mackey (1994) developed the model further to predict the number of surviving micro-organisms as a function of temperature at a constant heating rate. These investigators used the resulting equation to predict the survival of Listeria monocytogenes heated to different final temperatures in minced beef and compared the predictions with experimental results. They also calculated the temperatures required to reduce viability by 7D at 0AE1, 1 and 10°C min )1 heating rate using the published D and z values determined under isothermal conditions. The results demonstrated that the temperatures required to inactivate L. monocytogenes increased with the heating rate. Miles and Mackey (1994) stated that the derived equation can also be used to calculate the D and z values under linearly increasing temperature protocols.
Although several investigators determined the viable counts of microorganisms following heat treatment in the DSC, no D and z values were reported. In this study, the mathematical model proposed by Miles and Mackey (1994) was utilized to determine the D and z values using both the viable count and calorimetric data obtained with linearly rising temperature in DSC. The D and z values for E. coli K12 determined from the calorimetric data were compared to the corresponding values from plate count data obtained after heat treatment in the DSC and after isothermal treatment. The close agreement between the calorimetrically determined micro-organism inactivation kinetic parameters and those determined from plate count data demonstrates the advantage of this unique approach in obtaining reproducible and accurate results in a short time.
MATERIALS AND METHODS

Source and preparation of organisms
Escherichia coli K12 was obtained from the Culture Collection Center at the Ohio State University. A loopful of organism was revived in 10 ml trypticase soy broth (Difco laboratories, Detroit, MI) supplemented with 0AE3% (w/w) yeast extract (Difco laboratories, Detroit, MI) (TSBYE) and incubated at 37°C for 18 h. The culture was stored frozen (-80°C) in 30% (v/v) sterile glycerol. A loopful of the stock culture was transferred to 10 ml TSBYE and incubated for 10 h at 37°C before use.
A growth curve for E. coli was generated from viable count data to determine the time required to reach the late exponential growth phase. Culture was inoculated (1% v/v) into TSBYE and incubated at 37°C until reaching late exponential growth phase, when the final concentration of cells in the medium was 1AE0 ± 0AE1 · 10 9 cfu ml )1 . After reaching the late exponential phase, the growth medium was centrifuged (Beckman J2-21 centrifuge) at 10 000 · g for 10 min at 4°C to separate the cells as pellets. The pellet was washed with 150 ml of sterile distilled water before transfer into DSC crucibles. A differential scanning calorimeter (DSC 111, Setaram, Lyon, France) was used for collection of all thermograms. A portion (~100 mg) of the pellet was transferred into a tared (1AE5 ml) polyethylene tube, weighed, freeze dried (Freezone 4.5, Labconco Freeze Dry System), and reweighed to determine the percentage of dry matter in the pellet. The amount of moisture in the E. coli pellet (wt/wt) used in the DSC experiments was determined to be 83 ± 0AE3% by freeze drying.
Apparent enthalpy value of E. coli K12 from DSC
A DSC thermogram with empty stainless steel sample and reference crucibles was collected to measure the empty crucible baseline. Temperature calibration was confirmed using an indium sample in the stainless steel crucible at a constant heating rate of 4°C min )1 . Pellets of cells were carefully transferred into the sample crucible and weighed (70 ± 0AE3 mg wet weight). When the reference crucible is left empty an artifact due to the heat capacity imbalance between crucibles is observed at the initiation of temperature scanning. A known quantity of water, similar in mass to the moisture in sample, was placed in the reference crucible to eliminate the artifact. The reference crucible was filled with 58 ± 0AE2 mg (~83% of sample weight) of distilled water. Both crucibles were sealed using aluminium o-rings. The sealed crucibles were refrigerated (4°C) until used for DSC. The sample and reference crucibles were placed in the DSC and equilibrated at 1°C. Pellets were preheated in the DSC to 56AE7, 58AE7, 60AE7, 62AE7, 64AE7, 66AE7, 68AE7, 70AE7, 75AE7 or 80AE7°C with 4°C min )1 heating rate. After preheating in the DSC, samples were cooled immediately by liquid nitrogen, equilibrated at 1°C, and rescanned to 140°C at 4°C min )1
. Samples were reweighed after DSC measurements to check for loss of mass during heating. Thermograms of samples showing signs of leakage were not used. A control scan was recorded by heating the pellets from 1°C to 140°C at 4°C min )1 . DSC thermograms of samples were corrected for differences in the empty crucibles by subtraction of an empty crucible baseline. Peak areas (apparent enthalpies, J g
)1 ) corresponding to the contributions of survivors were determined from the apparent heat capacity vs temperature graph using software provided by the instrument manufacturer. Apparent enthalpy values were also corrected for the amount of dry matter in the pellets based on the freeze-dryer results. Because the moisture content of the pellet was not known prior to the DSC measurement, the reference crucible was filled with water equal to 83% of the sample weight. When the moisture content was determined, the difference between the sample moisture content and the amount of water in the reference crucible was calculated. The enthalpy contributions of excess water, based on the measured difference in water content, was calculated by integrating the equation describing the specific heat of water as a function of temperature over the temperature limits used to calculate the apparent enthalpy. The apparent enthalpy value was corrected by adding (subtracting) the enthalpy contribution of the water if the moisture content of the sample was lower (greater) than the amount of water in the reference crucible.
The number of E. coli K12 survivors after DSC Weighed pellets of cells (~70 mg wet weight) were transferred into sterile DSC crucibles using sterile loops. A stainless steel cap, an aluminium o-ring and a screw cap was placed in each crucible without sealing. The reference crucible was filled with distilled water (~83% of sample weight). The capped crucibles were kept under refrigeration (4°C) until used for DSC. Pellets in crucibles were heat-treated to 56AE7, 58AE7, 60AE7, 62AE7, 64AE7, 66AE7, 68AE7, 70AE7°C at 4°C min )1 heating rate using the DSC instrument. After cooling, a portion (50 mg) of the heated pellet from each crucible was transferred to a (1AE5 ml) sterile polyethylene tube using a sterile loop. Sterile peptone water was added to make a final volume of 1 ml with 1/20 (w/v) ratio. After careful suspension in the tube, the cells were serially diluted and plated onto trypticase soy agar to determine viable counts. After 36-h incubation at 37°C, viable counts of each sample were obtained by calculation of dilution ratios.
The number of E. coli K12 survivors after isothermal heat treatment Weighted cell pellets (70 mg wet weight) were transferred into thin-walled polypropylene reaction tubes containing smug-fitting snap caps. The tubes were submerged in a temperature-controlled water bath stabilized at 56, 58, 60, 62 or 64°C. The temperature was continuously monitored by a thermocouple placed in the water bath next to the tubes. The temperature variance was~± 0AE02°C during treatment. The tubes were removed at time intervals -10, 20, 30, 40 min for 56°C; 2, 5, 10, 20, 30 40 min for 58°C; 1, 2, 4, 5, 8, 11, 14 min for 60°C; 1, 2, 3, 4 min for 62°C; 0AE5, 1, 1AE5, 2 min for 64°C -and were cooled in an ice-water bath. The cells in the tube were serially diluted and plated onto trypticase soy agar to determine viable counts using the procedure described above.
DSC data analysis
DSC thermograms were corrected for differences in the empty crucibles by subtracting an empty crucible baseline. Total heats corresponding to the envelope of endothermic peaks (enthalpy, J g
)1 ) between approximately 40 and 130°C were determined by integrating the temperature vs heat flow curve using software provided by the instrument manufacture. A curved baseline taking into account the variation in heat capacity before and after the transition passing through three designated points on the thermogram was used to calculate the apparent enthalpy of whole cells. Data points at three temperatures were selected to determine the baselines for all DSC curves as shown in Fig. 3 . The initial temperature point was on the pre-transition baseline (40°C). The final point was on the post-transition baseline (130°C). An intermediate point was selected at a temperature below the onset of the final peak which corresponds to transitions in the cell envelope (108°C). Miles and Mackey (1994) developed a model to predict the viability of micro-organisms which have subjected to linearly increasing temperature. We adapted their derivation combining a first order inactivation model for microorganisms with a linearly increasing temperature protocol to analyse the calorimetric data as described below.
Theory
According to first order inactivation kinetics, the ratio of survivors as a function of treatment time at a constant temperature can be described as;
where N is the number of survivors at time t and N 0 is the initial number of viable cells. The z value can be calculated from the D values determined at least at two temperatures as the slope of a line of log D vs temperature;
where T is the temperature and D e is the D value at an arbitrary temperature T e . When the temperature increases at a constant linear heating rate, r, from an initial temperature T 0 :
where T 0 is the initial temperature. The number of survivors is given by an equation, derived by Miles et al. (1986) :
When
Equation 5 is converted into linear form by taking the logarithm of both sides twice,
The slope (2AE303/z) of ln [-ln(N/N 0 ) ] vs T curve is used to calculate a z value. The z value and the intercept from the graph are used to calculate a D e value for the microorganism at a given heating rate; r. Values for D at any temperature are obtained from equation 2. The value N/N 0 represents the fraction of survivors as a result of heat treatment. The apparent enthalpy, DH, is the area under the DSC thermogram, DH ¼ ò C p dT.
Assuming that DH is proportional to the number of survivors after correction for the residual area observed for killed cells and macromolecular transitions, DH f , we can write an expression for the fraction of survivors in terms of the DSC observable;
Substitution of equation 7 into equation 6 yields;
By analogy to the viability data, the z value is determined from the slope (2AE303/z) of ln[-ln(DH -DH f )/(DH 0 -DH f )] vs T (equation 8 and Fig. 5 ). Once D e is determined from the intercept, D at any temperature can be obtained from equation 2. The temperature for any given log reduction in survivors, n, is calculated by rearranging equation 6 as;
where n ¼ -log N/N 0 .
RESULTS
Heat treatment of E. coli with linearly rising temperature in DSC DSC thermograms displaying the thermally induced transitions of E. coli K12 control cells and the cells immediately subsequent to thermal pretreatment are shown in Fig. 1 . The pretreatment was accomplished by partial scanning to temperatures between 56AE7 and 80AE7°C followed by rapid cooling to the initial temperature. The scanning rate was 4°C min )1 for both partial and subsequent complete scans. It is apparent from Fig. 1 that as the final temperature of the partial scan increases, the shape and size of some transitions in the second scan change compared to the control scan; while, other transitions remain unchanged. These observations indicate irreversible and reversible changes in cellular components as a result of thermal pretreatment. An increase in preheating temperature results in a decrease in the area of the transition peak (apparent enthalpy, DH, J g
)1 ) observed in the 50-85°C region, an indication of irreversible changes. The onset temperature of the first major transition also was determined from the thermograms. A closer examination of Fig. 1 reveals that the onset temperature of the transition increases up to 70AE7°C as the temperature of the pretreatment increases to 70AE7°C. Further increases up to 80AE7°C in the pretreatment temperature do not result in an increase in the onset temperature although the apparent enthalpy calculated continues to decrease.
The DSC thermograms of E. coli K12 also exhibit a significant difference between the apparent specific heat capacities of the live and inactivated cells. These heat capacity differences are apparent as differences between the pre-and post-transition baselines. The difference is particularly apparent for control samples and becomes progressively smaller as the preheating temperature increases (Fig. 1) .
Evaluation of D and z values of E. coli K12 from viable counts data after a heat treatment to different final temperatures in DSC
After a partial scan in the DSC at 4°C min )1 to the temperature specified in Table 1 , the E. coli pellets were cooled rapidly and the pellet was removed from the crucible. The number of survivors was determined using plate counting. If the assumption of first order inactivation kinetics is valid, according to equation 6 ln [-ln(N/N 0 )] should be a linear function of temperature. It is apparent from Fig. 4 that over the temperature range of 58AE7-68AE7°C a linear relationship exists between ln[-ln(N/N 0 )] and temperature with regression coefficient r 2 ¼ 0AE974. The number of survivors after heating to 56AE7°C with 4°C min )1 in the DSC was equal to the initial number of viable cells, while no survivors were detected when the cells were heated to 70AE7°C. The D value at 60°C and z value were calculated from the intercept and the slope of the line displayed in Fig. 4 and were found to be 5AE9 min and 3AE8°C, respectively.
Evaluation of D and z values of E. coli K12 from calorimetric data after a heat treatment to different final temperatures in DSC Following a partial scan to the temperature specified in Table 1 and rapid cooling to 1°C, the E. coli pellets were scanned to monitor the thermally induced transitions associated with the bacterial cells surviving the partial scan. The DSC thermograms were normalized to yield the apparent specific heat capacity (J g
)1 K )1 ) as a function of temperature. The area under the curve of the second scan (apparent enthalpies, J g )1 ) was evaluated by integrating the apparent heat capacity vs temperature curve. A curved baseline using three-temperature points was utilized to calculate the apparent enthalpy. A representative curve and baseline for the E. coli control pellet heated from 1 to 140°C are displayed in Fig. 3 . The apparent enthalpy value was found to be 4AE32 J g
)1 wet weight. Because this sample was not subjected to a partial scan, the measured apparent enthalpy corresponds to the DH 0 value. The peak areas of heat-treated E. coli pellets (DH) were determined using the same analysis procedure applied to the second scan. The apparent enthalpy values were corrected to account for moisture content differences between the sample and reference crucibles. The apparent enthalpy of maximally treated cells, DH f , was calculated from the second scan after a partial scan to 70AE7°C. The criteria for selecting 70AE7°C pretreatment to calculate DH f are discussed later in the Discussion section. As expected from equation 8, the ln[-ln(DH -DH f )/(DH 0 -DH f )] vs temperature graph produced a straight line (r 2 ¼ 0AE988) from which the D value at 60°C and the z value were calculated to be 6AE1 min and 5AE2°C, respectively (Fig. 5) .
Evaluation of D and z values of E. coli K12 from viable counts data after isothermal heat treatment
The number of survivors in E. coli pellets subjected to isothermal heat treatment at 58, 60, 62 and 64°C were determined. D values for each isothermal treatment were determined from the slope of ln(N/N 0 ) vs time plots (Table 2 ). According to equation 2, log 10 (D/D 58 ) values were plotted against temperature and the z value was calculated to be 4AE23°C from isothermal treatment studies.
DISCUSSION
Differential scanning calorimetry (DSC) is a thermal analysis technique that measures heat flow between a sample crucible and a reference crucible as a function of temperature at a fixed heating rate (Hohne et al. 1996) . DSC thermograms of micro-organisms display several endothermic or net endothermic transitions which may be a combination of exothermic and endothermic events (Verrip and Kwast 1977; Miles et al. 1986; Lepock et al. 1990; Anderson et al. 1991; Mackey et al. 1991; Kaletunç 2001) . 
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Several main peaks of the E. coli thermogram can be assigned to thermally induced transitions of particular cellular components by comparison to the transition temperatures of isolated cell components (Mackey et al. 1991) . It has been reported that a strong relationship exists between thermal death and the peaks observed at 50-85°C for vegetative micro-organisms (Miles et al. 1986; Teixeira et al. 1997; Niven et al. 1999) . Mackey et al. (1991) and Niven et al. (1999) proposed that the temperature region over which the major reduction due to preheat treatment in the area under the peaks is observed in the DSC thermogram is the result of denaturation of the main ribosomal subunit. To calculate the enthalpy associated with a certain peak, the baselines in the temperature regions well below and well above the transition region should be apparent. In the DSC thermograms of micro-organisms, the existence of several overlapping transitions resulting from various cellular components does not allow one to evaluate the enthalpy of the individual transitions. Pre-and post-transition baselines can be readily defined to determine total area under the thermal transition curve. Therefore, we have measured the total apparent enthalpy of all transitions. Miles et al. (1986) used a similar approach to determine the total enthalpy of denaturation for a number of bacteria and reported that there was a significant difference among bacteria, with enthalpy of denaturation values based on the dry matter content ranging from 9 to 20 J g )1 dry matter. The total enthalpy of denaturation for the E. coli K12 used in this study is 23 J g
)1 dry matter. A significant portion of the difference observed between the apparent specific heat capacities of the live and inactivated cells occurs between the baselines prior to and after the major peak which is attributed to disruption of the ribosome structure. As the preheating temperature increases, the amount of inactivated cells during preheating increases resulting in a visible reduction in the apparent heat capacity difference between the pre-and post-transition baselines in the rescan thermogram (Fig. 1) . A similar observation was reported by Miles et al. (1986) as the rescan thermogram displayed slightly higher specific heat capacities at low temperatures compared to the initial scan. Denaturation of proteins typically is accompanied by a positive heat capacity change. For a typical globular protein of~15 kDa, the change in the heat capacity is on the order of 1AE5-2AE5 kcal K )1 mol )1 (0AE4-0AE67 J g )1 K )1 ) and may have a profound effect on the overall energetics (Gomez et al. 1995) . The apparent heat capacity change for E. coli pellets upon inactivation is determined to be of the same order of magnitude, 0AE6 J g
)1 K )1 (Fig. 1 ). In the absence of a heat capacity change over the transition, the enthalpy calculation is carried out by constructing a linear baseline connecting the segments of the thermogram before and after the peak and by evaluating the area between the peak and the baseline. The construction of the baseline is critical for accurate evaluation of the enthalpy value for a first order transition coupled with a heat capacity change as typically observed in thermograms of microorganisms. Upon rescanning of the samples which were heated to 140°C, we observed a superimposition of baselines between the two scans above 130°C (Fig. 2) , implying that the heat capacity of the heat damaged cells is independent of any thermal treatment. Therefore, a curved baseline was used between the segment of the thermogram prior to the major thermally induced transition (~40°C) and the segment of the thermogram after the last peak (~130°C) (Fig. 3) . The total peak area was determined from the first scan of the control sample. For heat-treated samples, the second scan after a partial scan to pretreatment temperature was used to calculate the total apparent enthalpy. The heat flow data after correction for the difference between the empty crucibles was used to calculate the total apparent enthalpy. The resultant enthalpy value is further corrected for the difference in the amount of water between the sample and reference crucibles.
A close examination of Fig. 1 reveals that the peaks attributed to the ribosomal subunits in the DSC thermogram (observed between 50 and 85°C) disappeared when the E. coli pellet was heated to 80AE7°C, while the thermal transitions associated with other cellular components appear to be unaffected by preheating to the same temperature. The absence of viability revealed in the plate counts of cells preheated to 70AE7°C in the DSC suggests that the total area under the thermogram peaks includes contributions directly related to the cell death as well as contributions due to additional macromolecular transitions. Macromolecular changes may include conformational changes and phase transitions that manifest themselves as a combination of overlapping endothermic and/or exothermic events resulting in a net endothermic profile. Residual peak area which corresponds to apparent enthalpy changes associated with macromolecular transitions is observed even after the cells are completely inactivated. The residual apparent enthalpy (DH f ) determined from samples pretreated at 70AE7°C was subtracted from the total apparent enthalpy calculated from each DSC rescan to compensate for the contributions of inactive cells. After pretreatment to 70AE7°C no viability was detected in the plate count data. The analysis of each rescan thermogram showed that the onset temperature of the major peak increases with increasing pretreatment temperature up to 70AE7°C and is unchanged for pretreatment temperatures of 70AE7, 75AE7 and 80AE7°C. Furthermore, the continuous decrease in apparent enthalpy stabilizes around 70AE7°C (Table 1) , but continues to decrease to 1AE86 J g
)1 at 75AE7°C and to 1AE69 J g
)1 at 80AE7°C. Consequently, the pretreatment temperature used to calculate the residual apparent enthalpy (DH f ) can be determined using either plate count data or calorimetric data. Therefore, the fractional enthalpy change associated with pretreatment is used to estimate the reduction in the viable cell population. It is apparent from equation 7 that the fractional enthalpy calculation depends on the choice of DH f . Thus it is important to determine the value of (DH f ) carefully.
The corrected apparent enthalpies (DH) of cells determined from second scans after an initial scan to various temperatures in the DSC together with DH 0 and DH f values were used to construct a fractional survivor vs temperature graph according to equation 8 (Fig. 5) . Similar to the DSC based plate count data (Fig. 4) , a linear relationship (r 2 ¼ 0AE988) is observed between the reduced apparent enthalpy [(DH -DH f )/(DH 0 -DH f )] and the temperature. It is apparent that the assumption of equation 7, in which the fractional survivor population from plate count viability and apparent enthalpy data are proportional, is valid.
Microbial survival curves typically are parameterized in terms of D and z values, where D represents the time required to reduce the population by one log unit and z represents the temperature change required to reduce D by one log value. There are a number of D and z values for (Table 2) . It is apparent that even the D and z values determined from isothermal treatment are influenced by the medium in which the bacteria are suspended. Furthermore, thermal resistance may depend on the strain of bacteria. In this study, E. coli pellets with 10 11 cfu mg )1 bacterial concentration were prepared in order to produce a measurable and reproducible heat flow signal in the DSC for calorimetric analysis of bacterial death. Escherichia coli pellets of 70 mg are used for comparison of D and z values obtained from both plate count and apparent enthalpy data of micro-organisms treated in the DSC under a 4°C min )1 heating rate. Isothermal heat treatments in a water bath were applied to approximately 70 mg E. coli pellets in order to be able to compare the D and z values from isothermal and nonisothermal temperature protocols. For comparison, our D and z values calculated under isothermal treatment conditions are included in Table 2 . Although of the same order of magnitude, D values calculated in this study are clearly higher than the values reported in the literature. This could be due to a higher equilibration time required for the pellet to reach a constant temperature compared to a microorganism sample in a capillary tube, or to differences between our strain and those for which D and z values are reported in the literature. Very high cell densities, such as in the pellet in this study, are associated with increased heat resistance of spore-forming and nonsporing micro-organisms (Hansen and Riemann 1963; Beaman et al. 1981; Jay 1996) . Also, it is known that the values of D and z depend on the composition of the medium, and the washing solution, and the stage of growth (Strange and Shon 1964; Hoffman et al. 1966; Tomlins and Ordal 1976) . It should be emphasized that the purpose of the study is to compare the D and z values of the E. coli samples prepared from the same strain, with the same microorganism concentration, and amount of sample using different heating strategies, and also to demonstrate that calorimetric data can be utilized to evaluate the thermal resistance of micro-organisms.
Comparison of D values in Fig. 6 reveals that D values obtained from data collected under linearly increasing temperature protocols were higher than those obtained under isothermal conditions. Several factors may lead to such results. The D values determined from isothermal kinetic data may be lower than the actual values, because at all of the isothermal treatment temperatures (58, 60, 62, 64°C) an initial lag time unaccounted for in the standard model was observed. Because the number of points from the log-linear portion of the survival curve were much larger compared to the number of points in the initial lag time portion, calculated D values from the fitted data were dominated by the linear portion of the survival curve which would be expected to lead to an underestimation of D values compared to the actual ones.
If the heating rate is higher than the time necessary for the samples to reach thermal equilibrium a thermal gradient may be established in the sample. The thermal gradient is a function of sample dimensions, thermal diffusivity and the heating rate. Depending on the magnitude of the temperature gradient, a distribution of active, injured and inactive cells may be present in the pellet at any time. Miles and Mackey (1994) calculated a 3°C thermal gradient between the surface and the centre of a cylindrical container of 0AE01 m radius filled with Listeria monocytogenes inoculated beef with a thermal diffusivity of 1AE4 · 10 )7 m 2 s )1 . The DSC crucibles used in this study were cylindrical shape with a radius of 0AE0025 m. the pellets had approximately 83 ± 0AE3% by weight water. Assuming a thermal diffusivity of 1AE3 · 10 )7 m 2 s )1 , similar to that of a starch gel with 82% moisture (Andrieu et al. 1989) , the temperature gradient between the centre and the surface of the crucible was calculated to be 0AE8°C. If such a temperature correction is applied to the data in Fig. 6 , both of the curves describing D values obtained under linearly increasing temperature conditions approach the D values obtained under isothermal conditions. This correction becomes more significant in the steep part of each curve. A close examination of Figs 6 and 7 reveals that even an order of magnitude change in D value at low temperatures ( Fig. 6 ) results in a reduction in microbial population of less than 0AE5 log units (Fig. 7) . At higher temperatures, where significant microbial population reduction occurs, The D values obtained using linearly increasing temperature protocols may be influenced by heat transfer limitations as well as by stress adaptation of microorganisms as a result of sublethal heat treatments during constant heating rate schemes. If slow heating rates are employed, temperature adaptation may occur during the heating process which may lead to an increase in the thermal tolerance of microorganisms and higher D values compared to those obtained under isothermal conditions. The increase in heat resistance under linearly increasing temperature protocols was reported to be dependent on the heating rate (Tsuchido et al. 1982; Mackey and Derrick 1987) . The study on Salmonella typhimurium by Mackey and Derrick (1987) reveals that micro-organism survival under isothermal conditions subsequent to a 0AE6°C min )1 heating rate was greater in comparison to survival after heating at 10°C min )1 heating rate. The impact of sublethal heat treatment on the thermotolerance of food pathogens has been studied extensively (Bunning et al. 1990; Farber and Brown 1990; Linton et al. 1992; Murano and Pierson 1992) . Linton et al. (1992) reported that a 10-min heat treatment of L. monocytogenes at 48°C, increased the D value at 55°C, by more than twofold. However, at heating rates typical of domestic or commercial cooking practices (0AE5-5AE0°C min )1 ), the sample temperature is expected to increase 5°C or more in 10 min. Miles and Mackey's study (Miles and Mackey 1994) showed that the temperatures required to reduce viable numbers of L. monocytogenes by 7D increased as the heating rate increased from 0AE1 to 10°C min )1 . A similar temperature increase of 5°C was observed when the heating rate increased from 0AE1 to 1°C min )1 and from 1 to 10°C min )1 . Because heat adaptation of a microorganism is more likely to occur at the slowest heating rate of 0AE1°C min )1 , it is expected that a smaller increase in sample temperature is required to kill 7D when the heating rate is increased from 0AE1 to 1°C min )1 in comparison to a heating rate increase from 1 to 10°C min )1 . Heat adaptation may become a greater concern for isothermal treatments, because as the sample temperature approaches the set temperature, the driving force decreases causing an increase in the time required to reach the set temperature.
The temperatures required to reduce the number of viable E. coli by 0AE1 through 10 log units in the DSC employing a constant heating rate of 4°C min )1 are predicted using equation 9 (Fig. 7) . The difference between the predicted temperatures using plate count and enthalpy data varies between 0AE5 and 2AE4°C over the 10 log unit reduction in survivor population. For comparison, corresponding curves derived from the isothermal data for 5-s exposure time are also displayed in Fig. 7 . The calculation of the temperatures for isothermal treatment was carried out using the following equation, T ¼ T e À z log 10 t nD e ð10Þ
where t is the time in minutes. The plots in Fig. 7 suggest that the log population reduction of the E. coli cells treated at isothermal conditions with a 5-s holding time is equivalent to the log reduction of cells calculated from the enthalpy data obtained with a linearly increasing temperature treatment at 4°C min )1 . DSC provides information on the thermal and thermodynamic stability of materials. The thermal analysis of both spores (Belliveau et al. 1992 ) and vegetative cells (Miles et al. 1986 ) demonstrated a clear relationship between the onset of cellular component denaturation observed in the DSC and the thermal resistance of the organisms. The maximum death rate of the organisms occurred above the onset of thermal denaturation while the maximum growth temperatures were below the onset of thermal denaturation. It is also apparent from our results on E. coli that the onset of thermal denaturation of the control samples is around 58°C. The plate count results for E. coli after partial scanning to various temperatures with 4°C min )1 scanning rate clearly show that a decrease in viable counts occurs after a partial scan to 58AE7°C (Table 1) .
Although a first order rate equation is generally employed to describe the survival curve of bacteria and to evaluate the processing parameters necessary to inactivate microorganisms, it has been demonstrated that survival curves may show deviations from the log-linear model displaying an initial lag time, a tail after a linear semilogarithmic survival curve, or other nonlinear semilogarithmic behaviour (Miles and Mackey 1994; Peleg 2000) . Calorimetric data can be fitted to mathematical models other than linear semilogarithmic models to determine the inactivation parameters of microorganisms. This study focused on the utilization of calorimetric data to evaluate thermal inactivation of bacteria under a linearly increasing temperature protocol. The basis for thermodynamic study of micro-organism inactivation is that the relevant initial and final states can be defined and the energetic differences between these states can be measured using calorimetric instrumentation. The amount of thermal energy (apparent enthalpy, DH) associated with denaturation of cellular components before and after application of heat treatment with linearly rising temperature using DSC was related to the number of viable cells of E. coli K12 and was used to calculate the fraction of surviving cells. An equation based on first order inactivation kinetics is used to calculate D and z values from the fraction of surviving cells exposed to heat treatment using a linearly increasing temperature protocol. Our results suggest that the apparent enthalpy data obtained from DSC can be used to evaluate D and z values, as well as the linear temperature rise necessary to reduce a microbial population by a chosen factor. While this calorimetric approach requires careful data collection and analysis, the significantly shorter time required, coupled with comparable accuracy, make this method competitive with the plate count technique.
